Abstract. Although wetland treatment systems have been shown to be effective for treating both coal and metal mine drainage, the longevity of the treatment has always been a question. Data collected from a wetland in northeastern Minnesota suggests it may be possible to build a wetland that will provide long term treatment.
conventional treatment methods (Hedin et al., 1994 , Eger et al., 1996 , Sobolewski, 1997 .
Wetlands can be less costly to build, use processes which naturally occur to remove metals from the water (e.g. adsorption, filtration), and offer a system that ideally should operate with little to no maintenance for extended periods of time. Since mine drainage problems can persist for hundreds of years, the longevity of any system is a critical issue. The purpose of this study was to examine metal removal in a wetland and to estimate how long treatment might continue.
Site Description
The Dunka Mine was a large open pit taconite operation which operated from 1962 to 1995.
At this location the Duluth Complex, a metalliferous gabbroic intrusion, overlaid the taconite ore and was removed and stockpiled along the east side of the open pit. The Duluth Complex material contains copper, nickel, and iron sulfides, and the stockpiles contained over 50 million metric tons of waste rock and covered about 120 hectares. Seeps appeared at the base of the stockpiles, and flow generally occurred from early April to late November. Average flows from the various seeps ranged from 30 L/min to 840 L/min, but flows exceeding 6000 L/min were observed after periods of heavy precipitation.
Nickel was the major trace metal in the drainage, and annual median concentrations prior to closure were on the order of 3-30 mg/L. Copper, cobalt, and zinc were also present but were generally less than 5% of the nickel values. Median pH ranged from 5.0 to 7.5, but most of the stockpile drainage had a pH greater than 6.5.
Wetlands were located near every stockpile and appeared to offer potential treatment areas for each seep (Eger and Lapakko, 1989) . These wetlands were typical of the many small lowland areas in northern Minnesota, and would generally be associated with any mining operation in the area.
In the mid-1980s, LTV Steel Mining Company began an extensive program to evaluate various options for mitigating the problems at this mine. The company's preferred option was a combination of passive alternatives which would reduce flow emanating from the stockpiles, and use wetland treatment to remove metals from the resulting drainage. In 1988, four overland flow test cells were built to investigate methods to optimize metal removal and to provide design data for the ultimate implementation of wetland treatment at this facility (Eger and Lapakko, 1989; Eger et al.,1991 Eger et al., , 1993 Eger et al., , 1994 . Based on the results of this study, two full-scale wetland treatment systems were built in March of 1992 (Eger et al., 1996) .
By the time the Dunka mine was closed in 1995, the company had already begun to implement a closure plan. The amount of water flowing through the stockpiles was reduced by routing surface and groundwater away from the piles. Infiltration into the waste rock stockpiles was reduced by covering the top portions of the stockpiles and any residual drainage was treated in constructed wetlands (Eger et al., 2000) .
This study focused on the W1D wetland treatment system, which was constructed in 1992 ( Figure   1 ).
Overland Flow Wetland, W1D
This system was designed by STS Consultants, Ltd., and built by LTV Steel Mining Company in an existing wetland in 1992 (Frostman, 1992) . The wetland was originally a combination of emergent (wet meadow) and scrub-shrub type wetlands, and the majority of the woody vegetation, which consisted primarily of alder (alnus sp.), was removed from the site. The basic design for the system included the construction of a series of soil berms, which were built to control water levels and to maximize contact between the drainage and the substrate (Figure 1 ). Soil berms were built with glacial till (sandy silt) available from a surface overburden stockpile on the property. After the berms were constructed, a 30 cm layer of a mixture of local peat and peat screenings was applied to the entire area except the top of the berm. The screenings were a waste material generated during the processing of horticultural peat and consisted mostly of wood fragments and long peat fibers. This material was selected to increase the permeability of the peat to at least 10 -3 cm/sec and to provide available organic carbon. In the spring of 1992, the berms were hand-seeded with Japanese Millet, while the open water areas were seeded with cattails. To obtain the cattail seeds, cattail heads were placed in a container of water with a small amount of liquid soap and several large metal bolts. The mixture was agitated until the heads broke and the seeds were dispersed. The slurry was then broadcast by hand over the wetland. The majority of the flow to this system originated from the base of the waste rock stockpile 8018, although additional seepage from another waste rock stockpile also drained to this area. 
Methods

W1D
Water samples of the inflow and outflow of the overall wetland treatment system were Peat samples were collected in April of 1996 and 1997 ( Figure 1) . If the surface of the peat was 805 frozen, samples were collected with a specially designed core tube sampler. A cylindrical cutting head (9.5 cm ID) was fabricated and mounted on the shaft of a power soil auger. With this sampler, samples could be collected while the substrate was frozen, which made identifying and separating layers much easier than with a standard coring device. Deeper samples were collected with a standard Macauley peat sampler.
Samples were generally divided into 10 cm sections: 0-10, 10-20, and 20-30 cm. Samples were dried at 105 0 C for 24 hours. The samples were then processed in a blender, sieved to -80 mesh, and totally digested with a mixture of 5 ml water, 10 ml concentrated nitric acid and 2 ml concentrated hydrochloric acid. The samples were sequentially microwaved for 10 minutes each at 40, 80, 120 and 160 psi. The digested samples were analyzed for trace metals by the MDA laboratory. (Table 1) .
Results
Flow
Output flow was generally greater than input flow except during hot dry periods when evapotranspiration losses were large. During the summer of 1998 the output flow was 19-23 L/min 806 less than the input. In July, when the input flow decreased to 15-19 L/min, there was no flow at the outlet. Flow into and out of the study cell was not measured directly. Since there was little contributing watershed between the beginning and end of the wetland, output flow from the entire system (site W1D-052; Figure 1 ) was used to represent flow through the cell.
Water Quality
There was little variation in pH in the wetland (Figure 2 ). Both input and output pH generally ranged between 6.7 to 7.6. There was also little difference in pH between the input and output of the study cell; the average value for both sites was around 7.2 (Table 2) .
From 1992 to 1994, the input nickel concentration to the wetland treatment system was typically on the order of 1 mg/L in the spring, then increased to approximately 6 mg/L in early summer. Concentrations then remained relatively constant until the seep froze in late fall ( Figure   2 ). The average input nickel concentration to the study cell during this period was 2.9 mg/L. As water flowed through the cell, nickel concentrations decreased by about 26%, to about 1.8 mg/L.
In 1995, input nickel concentrations decreased substantially. The nickel concentrations in the input to the wetland remained low in the spring, but only increased to 2-3 mg/L in the summer.
Maximum concentrations gradually decreased to less than 1 mg/L by 1999. As a result of the decrease in the input nickel concentration, the nickel concentration entering the study cell also decreased. Average input concentrations to the cell dropped to 0.32 mg/L for the period 1997 to 1999. Concentrations in the outflow were lower than the inflow and averaged 0.26 mg/L for 1997 to 1999 (Table 2) . The initial trace metal content of the mixture of peat and peat screenings that was added to the wetland was very low; all concentrations were less than 10 mg/kg (Table 3) . By 1996, the peat substrate had accumulated measurable amounts of copper, nickel, cobalt and zinc. Nickel concentrations were the highest and varied with depth and location within the cell. The maximum metal concentrations were generally in the top 10 cm of the peat, and nickel concentrations varied from 70 mg/kg to around 14,600 mg/kg (Figure 3) . The average nickel concentration for the 0-10 cm segment in the cell was 4960 mg/kg, and decreased to 2110 mg/kg for the 20-30 cm segment (Table 3) . Copper, cobalt, and zinc generally followed the same pattern as nickel but concentrations were about an order of magnitude lower. The average copper, cobalt, and zinc concentrations in the top 10 cm ranged from 57 to 136 mg/kg (Table 3) .
Mass Removal
Overall mass into and out of the wetland was calculated by multiplying the average concentration for the month by the average daily flow for that month. Daily flow data were generally available from May through October, but for April, November and December, there
were only a few individual flow readings. Since both flow and precipitation in November and December tended to be low, the average of the limited individual measurements was assumed to be a reasonable estimate of flow. An average value may not provide a reasonable estimate of spring melt flow, since the volume and timing of flow depends on the amount of moisture in the snow pack, temperature and rainfall. However, metal concentrations during April were about one-half the summer values, so Table 3 . Average metal concentrations in substrate of the study cell (1996-97). the total mass input during April, even with higher flows, would tend to be lower than summer months. From 1992 through 1995, when input load was the highest, the May to October input mass accounted for 86% of the annual load (Eger et al., 2000) .
The total mass removed by the wetland was the difference between the input and the output masses. Overall mass removal in the wetland ranged from 171 kg in 1994 to 3 kg in 1997, and corresponded to a percent removal that ranged from 38 to 91 percent (Table 4) . Lower mass removal occurred from 1995 to 1999 due to the much lower nickel input to the wetland.
W1D Study Cell
Mass removal in the study cell was calculated from flow and water quality data and from the metal concentrations in the peat. Since there was no significant input of surface and ground water into the cell, there was essentially no change in the concentration of conservative parameters like magnesium ( Table 2) . As a result, the mass removal of nickel in the study cell could be estimated 2 by using the change in concentration. For 1992 to 1994, the average change in nickel concentrations was 26%, so it was assumed that 26% of the total annual mass removal occurred within the cell. Percent removal over the study cell in 1997 and 1999 also averaged 26% (Table 3) .
As a result, a constant percent removal of 26% was assumed for all years (Table 4) Two methods were used to calculate the mass removal in the study cell from the metal concentrations in the peat. The first method used a computer model which contoured the nickel 813 values in the peat and assigned concentrations to specific areas within the cell The second method made an overall estimate by multiplying the average nickel concentration in each 10 cm layer of peat by the mass of peat. Since the peat samples were collected in April of 1996 and 1997, the value calculated from the peat would represent the total mass removed through 1996.
The total nickel mass in the substrate calculated with these methods was reasonably close to the 136 kg calculated from the water quality data. The computer model calculated the mass to be 112 kg, while the average calculation method gave an estimated value of 126 kg.
Discussion
The overall objective of this study was to determine the lifetime of the wetland treatment system. LTV designed the original W1D system based on (1996) (1997) (1998) (1999) .
By preventing precipitation from infiltrating the stockpile and contacting the reactive material, the transport of reactive products was significantly reduced. Nickel concentrations decreased from an average of 3.98 mg/L for 1992-1994 to 0.74 mg/L for 1996-1999. Since both flow and nickel concentrations decreased, the overall load to the wetland decreased by about 90% (Table 4) . By reducing the load, the estimated lifetime was increased substantially, from the initial design lifetime of 10 years to about 150 years (Table 5 ).
The ultimate goal of a passive treatment system is to provide permanent treatment. The major mode of metal removal in this system is assumed to be the same as observed in the initial test cell study (Eger et al., 1994) .
Over 90% of the nickel removal in the test cells occurred within the substrate, through a series of reactions (adsorption, ion exchange, chelation) associated with the Lifetime is calculated by dividing the initial removal capacity of the wetland (1400 kg) by the annual load.
